ABSTRACT Mitochondrial ATPases associated with diverse cellular activities (AAA) proteases are involved in the quality control and processing of inner-membrane proteins. Here we investigate the cellular activities of YME1L, the human orthologue of the Yme1 subunit of the yeast i-AAA complex, using stable short hairpin RNA knockdown and expression experiments. Human YME1L is shown to be an integral membrane protein that exposes its carboxyterminus to the intermembrane space and exists in several complexes of 600-1100 kDa. The stable knockdown of YME1L in human embryonic kidney 293 cells led to impaired cell proliferation and apoptotic resistance, altered cristae morphology, diminished rotenone-sensitive respiration, and increased susceptibility to mitochondrial membrane protein carbonylation. Depletion of YME1L led to excessive accumulation of nonassembled respiratory chain subunits (Ndufb6, ND1, and Cox4) in the inner membrane. This was due to a lack of YME1L proteolytic activity, since the excessive accumulation of subunits was reversed by overexpression of wild-type YME1L but not a proteolytically inactive YME1L variant. Similarly, the expression of wild-type YME1L restored the lamellar cristae morphology of YME1L-deficient mitochondria. Our results demonstrate the importance of mitochondrial inner-membrane proteostasis to both mitochondrial and cellular function and integrity and reveal a novel role for YME1L in the proteolytic regulation of respiratory chain biogenesis.
YME1L controls the accumulation of respiratory chain subunits and is required for apoptotic resistance, cristae morphogenesis, and cell proliferation 
INTRODUCTION
Mitochondrial function requires selective proteolysis, which is carried out by a number of specific proteases, including processing peptidases, ATP-dependent proteases, and oligopeptidases (Koppen and Langer, 2007) . YME1L was identified as the human orthologue of the yeast ATP-dependent protease Yme1 (Coppola et al., 2000; Shah et al., 2000) . The yeast Yme1 is a subunit of an inner-membrane-anchored homo-oligomeric complex, a so-called i-AAA protease (where AAA signifies ATPases associated with diverse cellular activities) that exerts peptidase, chaperone-like, and translocase activities on the intermembrane space (IMS) side of the inner mitochondrial membrane (Leonhard et al., 1996 (Leonhard et al., , 1999 Rainey et al., 2006) . The i-AAA complex is, along with the homologous m-AAA protease, one of the two FtsH/AAA-family ATP-dependent proteases present within the inner mitochondrial membrane (Tatsuta and Langer, 2009) . AAA protease subunits contain two functionally distinct domains: the AAA domain, which contains the Walker A (P loop) and Walker B motifs, and the M41 metallopeptidase domain, which harbors a conserved HEXXH metal-binding module (Tatsuta and Langer, 2009 ). The subunits are proposed to assemble into hexameric, barrel-like complexes composed of Here we show that human YME1L controls the membrane accumulation of nonassembled respiratory chain subunits Ndufb6, Cox4, and ND1. We further demonstrate that the loss of YME1L leads to reduced cell proliferation and apoptotic resistance, altered mitochondrial ultrastructure, diminished rotenone-sensitive respiration, and increased sensitivity to oxidative damage. Our results reveal a crucial role for YME1L in the maintenance of mitochondrial inner-membrane proteostasis and in the proteolytic regulation of respiratory chain biogenesis.
RESULTS
Human YME1L is an integral membrane protein that exposes its carboxy-terminus to the intermembrane space and is part of several 600-to 1100-kDa complexes When expressed in human or yeast cells, epitope-tagged human YME1L localizes to mitochondria (Shah et al., 2000) . Consistent with this observation, subcellular fractionation revealed that endogenous YME1L is highly enriched in mitochondrial fractions of human embryonic kidney 293 (HEK293) cells (data not shown). Immunoprecipitation coupled with mass spectrometry identification demonstrated that YME1L expressed in HEK293 cells corresponds to isoform 3 (NP_055078; see Figure 3C later in the paper).
Yeast Yme1 is a transmembrane protein consisting of a matrixlocalized amino-terminal domain and a large catalytic carboxy-terminal domain found within the IMS. To investigate the membrane properties of human YME1L, we subjected mitochondria isolated from HEK293 cells to either sonic treatment or alkaline carbonate extraction. These experiments showed that, similar to its counterpart in yeast, the human YME1L is indeed an integral membrane protein ( Figure 1A ). To confirm the conservation of the basic membrane topology in the human protein, we took advantage of a peptide-specific antiserum raised against a 21-amino acid segment at the carboxy-terminus of YME1L. Mitochondria isolated from HEK293 cells were subjected to the disruption of the outer mitochondrial membrane with osmotic (hypotonic) shock, and the sensitivity of YME1L to externally added protease (trypsin) was assessed. The YME1L immunoblot signal was found to be highly sensitive to protease addition compared with other inner-membrane proteins (Cox2, Sco1) that are known to expose large domains to the IMS ( Figure 1B ). On the basis of these results, we concluded that the carboxy-terminus and, thus, most likely the entire carboxy-terminal domain of human YME1L are exposed within the IMS.
The native molecular weight of the yeast i-AAA complex was determined to be ∼1000 kDa (Leonhard et al., 1996; Graef et al., 2007; Dunn et al., 2008) . However, use of blue native electrophoresis of digitonin-solubilized mitochondria showed that the yeast Yme1 migrates in several complexes of ∼700-1000 kDa (Dunn et al., 2006 (Dunn et al., , 2008 . To determine the approximate native molecular weight of the putative human i-AAA complex, mitochondria from HEK293 cells were solubilized with 1% dodecyl maltoside and resolved using two-dimensional blue native (3-12% polyacrylamide gradient)/denaturing PAGE. The immunoblots developed with the anti-YME1L antibody showed that the bulk of YME1L is found as part of several high-molecular weight protein complexes ( Figure  1C ). Subsequent immunoblotting with antibodies to complex I, F1-ATPase, complex III, and complex IV showed that the apparent molecular weight of these complexes ranges from 600 to 1100 kDa ( Figure 1C ). However, the majority of YME1L was found in a complex of ∼900 kDa, which likely represents the human counterpart of the yeast i-AAA complex. Collectively, these results suggest evolutionary conservation of the overall native organization of human i-AAA protease. structurally separate rings of proteolytic and AAA domains (Bieniossek et al., 2006) . Mitochondrial AAA proteases are responsible for the quality control of proteins within the inner mitochondrial membrane and mediate the proteolytic processing of selected mitochondrial proteins (Koppen and Langer, 2007; Tatsuta and Langer, 2009 ). The yeast i-AAA complex has a native molecular weight of ∼1000 kDa (Leonhard et al., 1996; Graef et al., 2007; Dunn et al., 2008) and was shown to associate with additional nonsubunit adaptor proteins (Dunn et al., 2006 (Dunn et al., , 2008 . The inactivation of yeast YME1 leads to pleiotropic phenotypes, including a temperature-sensitive respiratory growth defect, an increased frequency of mitochondrial DNA (mtDNA) escape from mitochondria to the nucleus, an inability to survive without an intact mitochondrial genome, and the accumulation of mitochondria with aberrant morphology (Thorsness et al., 1993; Campbell et al., 1994; Weber et al., 1996) . Although it is generally assumed that the accumulation of misfolded and/or misassembled polypeptides or the failure to process crucial regulatory proteins is likely to be responsible for these phenotypes, their precise molecular basis is largely unknown. Only a handful of endogenous protein substrates of the yeast i-AAA protease have been identified. These substrates include misfolded and/or nonassembled forms of the inner-membrane proteins prohibitin 1 and 2, the soluble yeast NADH dehydrogenase (Nde1), the mitochondrially encoded cytochrome c oxidase (CcO) subunit 2 (Cox2), and the Ups1 and Ups2 proteins, which are involved in mitochondrial phospholipid metabolism (Nakai et al., 1995; Pearce and Sherman, 1995; Augustin et al., 2005; Kambacheld et al., 2005; Potting et al., 2010) . In contrast, the precise function and structure-function relationship of human YME1L remain to be elucidated. The ectopic expression of human YME1L transcript variant 3, which shares 42% sequence identity with the yeast protein, partially complemented the thermosensitive respiratory growth defect of the yeast yme1 mutant (Shah et al., 2000) . The dynamin-like GTPase OPA1, which localizes to the intermembrane space and is involved in mitochondrial fusion and the control of cristae morphology, was identified as a possible substrate of human YME1L (Griparic et al., 2007; Song et al., 2007; Lenaers et al., 2009) . The knockdown of human YME1L was shown to affect the constitutive processing of a subset of imported OPA1 polypeptides, leading to defects in the accumulation of OPA1 isoforms. Consistent with this observation, cells with down-regulated YME1L were shown to exhibit a fragmented mitochondrial network (Griparic et al., 2007; Song et al., 2007) . Of interest, human YME1L has been repeatedly shown to be related to cancer progression and has been identified as an MYC-responsive gene (Wan et al., 2004; Bredel et al., 2009) .
The mitochondrial oxidative phosphorylation system (OXPHOS) produces the bulk of cellular ATP and reactive oxygen species (Lenaz and Genova, 2009) . In mammals, the OXPHOS is composed of five multisubunit, inner membrane-embedded enzyme complexes, the respiratory chain, and the ATP synthase (complex V), which contains >90 structural subunits encoded by both the mitochondrial and nuclear genes. The biogenesis of OXPHOS complexes is complicated by the dual genetic origin and membranous character of its constituent subunits and by the number of prosthetic groups that are required for its function and assembly. Indeed, numerous specific nuclear-encoded protein factors that ensure the import, membrane incorporation, and assembly of structural subunits, as well as the synthesis, delivery, and incorporation of prosthetic groups, have been identified (Stiburek et al., 2006; Koopman et al., 2010) . In contrast, there are few data describing the quality control and proteolytic turnover of human OXPHOS subunits . is an integral membrane protein. Submitochondrial fractions were prepared from HEK293 cell mitochondria (1 mg/ml) using either sonic disruption or extraction with 100 mM sodium carbonate (pH 11.5). The resulting supernatant (S) and pellet (P) fractions and untreated mitochondria (M) were immunoblotted with antibodies against YME1L, OXA1L, PNPase, and ATPase F1-α. (B) Human YME1L exposes its carboxy-terminus to the mitochondrial intermembrane space. Mitochondria isolated from HEK293 cells were swollen using hypotonic shock to selectively break the outer mitochondrial membrane and either left untreated or incubated with 1% Triton X-100 and/or 25 μg/ml trypsin for 20 min. After incubation, the trypsin activity was inhibited by soybean trypsin inhibitor, and mitochondria were immunoblotted with peptide-specific YME1L antiserum and with antibodies to Cox2, Sco1, Core 2, Cox1, and Ndufb6. (C) The determination of the native molecular weight of human YME1L using BN-PAGE. Mitochondria isolated from HEK293 cells were solubilized with 1% dodecyl maltoside, and ∼50 μg of protein was fractionated using two-dimensional blue native/denaturing PAGE on a 3-12% polyacrylamide gradient in the first dimension. The resulting immunoblots were incubated with antiserum raised against human YME1L. To enable the estimation of the native molecular weights of the observed YME1L complexes, the membrane was subsequently immunoblotted with antibodies to Ndufa9, ATPase F1-α, core 2, and Cox2. Under the conditions used, these antibodies recognize the complex I holoenzyme (970 kDa), ATP synthase holoenzyme (600 kDa), ATP synthase dimer (1200 kDa), F1-ATPase subcomplex (370 kDa), complex III dimer (500 kDa), and complex IV monomer (200 kDa), respectively. Black arrows denote the three major observed forms of the human i-AAA complex. (D) The expression level of human YME1L is tissue dependent. Mitochondria (25 μg of protein) isolated from control human cardiac muscle, skeletal muscle, frontal cortex, and kidney tissue were resolved using SDS-PAGE and immunoblotted with antibodies to YME1L, Cox4, Cox2, and Ndufb6. VDAC and Mitochondria exhibit considerable tissue-dependent variation in their structure and function (Benard et al., 2006) . We therefore examined the relative steady-state levels of YME1L in mitochondria from human cardiac and skeletal muscle, frontal cortex, and kidney tissue. To exclude indirect effects due to variations in true mitochondrial mass in mitochondrial preparations from different tissues, we used antibodies to VDAC and mtHSP70-reliable markers of outer mitochondrial membrane and matrix space, respectively. We found profound differences in the amounts of YME1L in various human tissues, with cardiac and skeletal muscle mitochondria showing the highest content ( Figure 1D ). The fact that the relative levels of YME1L in various human tissues appear to be largely proportional to the amount of selected respiratory chain subunits suggests its involvement in respiratory chain biogenesis or maintenance ( Figure 1E ).
The knockdown of YME1L leads to the marked stabilization of Ndufb6 and Cox4 and to an altered pattern of OPA1 isoform accumulation
To define the cellular activities of YME1L, we created five different HEK293 cell lines that stably express miR-30-based short hairpin RNAs (shRNAmirs) targeting the human YME1L transcript (NM_014263; NM_139312). Quantitative TaqMan real-time PCR and Western blot analysis with anti-YME1L antiserum showed that two of the produced knockdown (KD) cell lines (V2LHS_203535 and V2LHS_208115; Open Biosystems) exhibited YME1L mRNA and protein levels of <25 and 10% of control values, respectively (Figure 2 , A-C).
To identify proteins that were affected by the loss of YME1L, we performed a targeted immunoblot screen of whole-cell lysates from YME1L KD cells using multiple antibodies against mitochondrial proteins. The steady-state levels of two OXPHOS subunits (the Ndufb6 subunit of the membrane arm of complex I and the complex IV subunit Cox4) were found to be markedly increased (approximately fourfold to fivefold) in mitochondria of YME1L KD cells (Figure 2, D and E) . The increases in the levels of these proteins were not paralleled by an increase in the steady-state levels of any other complex I or complex IV subunits tested (Figure 2 , D and E, and data not shown). Because we did not observe any increase in NDUFB6 or COX4 mRNAs (Figure 2A ), we concluded that the loss of YME1L leads to the selective stabilization of these polypeptides.
Given that the dynamin-related GTPase OPA1 is involved in the control of mitochondrial fusion and cristae morphology and was previously identified as a substrate of human YME1L (Griparic et al., 2007; Song et al., 2007) , we immunoblotted whole-cell extracts from YME1L KD cells with an antibody to this IMS protein. OPA1 antibodies exhibit five bands on immunoblots from HEK293 cell extracts (bands a-e; Song et al., 2007) . Bands a and b normally contain the long isoforms of OPA1 (L-OPA1) that lack exons 4b and 5b and are thus insensitive to YME1L. Bands c-e represent the short isoforms of OPA1 (S-OPA1) and are generated either constitutively by YME1L (band d) or via inducible processing by the OMA1 and/or m-AAA proteases (bands c and e; Griparic et al., 2007; Song et al., 2007; Ehses et al., 2009; Head et al., 2009) . Indeed, we found that the pattern of isoforms of OPA1 was markedly altered in cells with stably down-regulated YME1L ( Figure 2D ). The mtHSP70 were used to control for actual mitochondrial enrichment in various preparations. The arrow denotes the migration of human YME1L isoform 3. (E) The densitometric quantification of immunoblot signals from D. The sum of signals from all four tissues for each protein was set to 100%. Error bars correspond to SD from the mean.
containing exons 4b and 5b by YME1L (Griparic et al., 2007; Head et al., 2009) . The increase in L-OPA1 bands very likely stems from the accumulation of unprocessed OPA1 molecules that would normally undergo processing by YME1L. Finally, the increase in bands e and c could be explained by the alternative processing of arrested, YME1L-susceptible L-OPA1 at cleavage site S1 by the OMA1 and/or m-AAA proteases (Ehses et al., 2009; Head et al., 2009). Ndufb6, Cox4, and Cox2 are proteolytic substrates of the human i-AAA protease
In an attempt to identify protein substrates of YME1L, we constructed a FLAG-tagged variant of human YME1L isoform 3 (NP_055078.1) in which the conserved Glu-543 residue of the consensus metal-binding HEXXH motif is replaced by glutamine (E543Q). The homologous active site Glu-541 of the HEXXH motif of yeast Yme1 was shown to be required for proteolysis but dispensable for substrate recognition and binding. Consequently, the yeast Yme1 E541Q variant was successfully used as a proteolytically inactive substrate trap (Leonhard et al., 1999) . The YME1L E543Q variant and the wild-type YME1L were further modified by a series of seven nucleotide substitutions at every third codon position to confer resistance to the shRNA molecule used for knockdown and transiently expressed in the YME1L KD background. The mutant protein was efficiently imported into mitochondria and assembled into a complex with a molecular weight comparable to that of wild-type YME1L (data not shown). The subsequent anti-FLAG coimmunoprecipitation revealed that Ndufb6 and Cox2 specifically coimmunoprecipitate from isolated mitochondria with the YME1L E543Q -FLAG variant but not with the wild-type YME1L-FLAG protein or the endogenous YME1L ( Figure 3B ). Other nuclear-encoded mitochondrial proteins that we tested, including Ndufa9, Ndufb8, Ndufs3, OPA1, polynucleotide phosphorylase (PNPase), α and β subunits of F1-ATPase, subunit d, OSCP, SDHA, SDHB, mtHSP70, porin, Core 2, Core1, Sco1, and OPA1, did not show increased coimmunoprecipitation with the YME1L E543Q variant (data not shown). Our attempts to show coimmunoprecipitation of YME1L with Cox4 were largely prevented by the very weak signal produced by this antibody (data not shown). It is intriguing that ATP synthase subunit d coimmunoprecipitated efficiently with the endogenous YME1L protein (Figure 3, C and D) .
Unlike the Cox2 subunit, which did not accumulate excessively in YME1L KD mitochondria, the levels of both Ndufb6 and Cox4 were markedly elevated (Figure 2, D and E). Thus, if both of these respiratory chain subunits were true proteolytic substrates of the i-AAA protease, then it should be possible to reverse their stabilization in YME1L KD cells by expressing wild-type YME1L-FLAG but not the YME1L E543Q -FLAG variant. Indeed, the ectopic expression of wildtype YME1L-FLAG in the YME1L KD background led to a significant reduction in the levels of both Ndufb6 and Cox4, whereas transfection with either the empty vector or YME1L E543Q -FLAG had no effect on their protein levels ( Figure 3 , A and E). Taken together, these results indicate that Ndufb6, Cox4, and Cox2 are proteolytic substrates of human YME1L. Furthermore, these results provide evidence for the functional conservation of the Glu residue in the HEXXH motif of human YME1L.
Excess Ndufb6 and ND1 exist within membrane protein complexes, whereas excess Cox4 exists as a nonassembled membrane-embedded subunit Next we examined the assembly status of Ndufb6 and Cox4, as well as the steady-state levels of the five OXPHOS complexes in YME1L KD mitochondria, using blue native (BN)-PAGE Western most prominent difference was the shift in the relative abundance of bands c-e (S-OPA1). Whereas the level of band d was severely diminished, bands c and e appeared markedly increased. Bands a and b (L-OPA1) were also significantly increased in YME1L KD cell extracts compared with controls ( Figure 2D ). The reduction in band d is consistent with the fact that it normally contains OPA1 isoforms that originate from the constitutive cleavage of OPA1 molecules FIGURE 2: The loss of YME1L leads to the stabilization of the respiratory chain subunits Ndufb6 and Cox4 and to an altered pattern of OPA1 isoforms. (A) YME1L transcripts are efficiently depleted using stable shRNA knockdown. The relative quantification of the analyzed transcripts was performed with TaqMan Gene Expression Assays on a 7300 Real-Time PCR System (Applied Biosystems). HPRT1 (hypoxanthine phosphoribosyltransferase 1), TUBA1A (tubulin, alpha 1a), GAPDH (glyceraldehyde-3-phosphate dehydrogenase), and TBP (TATA box-binding protein) were used as reference genes. *p < 0.05, ***p < 0.001. (B) The loss of human YME1L protein does not affect mitochondrial PNPase or Phb2 levels. Equal amounts of mitochondrial lysates were separated (∼10 μg of protein) using SDS-PAGE and immunoblotted with antibodies to YME1L, mtHSP70, Phb2, and PNPase. (C) The densitometric quantification of the immunoblot signals in B. (D) Whereas Ndufb6, Cox4, and OPA1 are markedly affected by the loss of YME1L, the cellular levels of Cox2 and PNPase are unaffected. Equal amounts of whole-cell lysates (∼20 μg of protein) were separated using SDS-PAGE and immunoblotted with antibodies to PNPase, Ndufb8, Ndufb6, Cox2, Cox4, and OPA1. Controls correspond to HEK293 cells transfected with the scrambled shRNA.(E) The densitometric quantification of the immunoblot signals from (D), excluding the OPA1 signal. Error bars correspond to SD from the mean.
We concluded from these results that YME1L is required to control the levels of nonassembled Ndufb6, Cox4, and ND1 in mitochondria.
We investigated whether the excess nonassembled Ndufb6 and Cox4 exist in soluble, membrane-associated, or membrane-embedded forms in YME1L KD mitochondria. Under normal conditions, both Ndufb6 and Cox4 are integral inner-membrane proteins that span the membrane with one transmembrane segment. We subfractionated YME1L KD mitochondria using either sonic disruption or alkaline carbonate extraction. Whereas sonic treatment discriminates between soluble and membrane proteins, alkaline carbonate extraction removes all but integral membrane proteins (Fujiki et al., 1982) . Because the vast majority of Ndufb6 and Cox4 remained in the pellet (membrane) fractions upon both treatments ( Figure 4C ), we concluded that nonassembled Nudfb6 and Cox4 exist as membrane-embedded polypeptides in YME1L KD mitochondria. This result is consistent with the known membrane topology of the mature Cox4 subunit, which is known to expose a soluble C-terminal domain to the IMS, and the expected localization of the YME1L proteolytic domain.
Next we investigated whether the overexpression of Ndufb6-FLAG in HEK293 cells would lead to a Ndufb6 subcomplex pattern similar to that found in YME1L KD cells. The rationale for this experiment was to investigate whether the excess of Ndufb6 alone is sufficient to trigger the formation of these protein complexes or whether an increase in the provision of additional complex I subunit(s) is required. FLAG-tagged Ndufb6 was transiently expressed in wild-type HEK293 cells, and the assembly patterns of both the epitopetagged and endogenous Ndufb6 proteins were analyzed using BN-PAGE immunoblotting. The Ndufb6-FLAG accumulated in mitochondria and showed an approximately threefold increase in steady-state levels compared with the endogenous subunit. Twodimensional BN/denaturing immunoblots showed that the bulk of the fusion protein was found in multiple subcomplexes and complex I holoenzyme (Figure 4 , F and G). As expected, detection of the endogenous Ndufb6 showed that the majority of the signal was present in the complex I holoenzyme (Figure 4 , F and G). Of importance, anti-Ndufb6 detection also revealed the presence of endogenous Ndufb6 in several distinct subcomplexes, most of which migrated at sizes similar to those seen in YME1L KD cells (Figure 4, A and D) . On the basis of these results, we concluded that the increased accumulation of Ndufb6 can lead to the appearance of subcomplexes found in YME1L KD cells. Thus, although additional complex I subunits might also be affected by the loss of YME1L, the increased levels of the Ndufb6 subunit per se is sufficient to trigger the formation of most of the complex I subcomplexes from YME1L KD cells.
blotting. Detection with the Ndufb6 antibody showed that the amount of fully assembled complex I is not significantly altered in these cells and that the excess Ndufb6 is found in several protein complexes with apparent molecular weights ranging from ∼50 to 900 kDa (Figure 4, A and D) . In contrast, detection with an antibody to Cox4 showed that the excess Cox4 is found exclusively in one distinct band with migration identical to that of the nonassembled subunit ( Figure 4B ). Detection with antibodies to Ndufb8, Cox1, Cox2, Cox5a, and Cox6c revealed minor or no increases in the respective subcomplexes or nonassembled subunits (Figure 4 , B, D, and E). Of interest, the steady-state level of nonassembled Cox5a was found to be diminished in cells lacking YME1L, likely as a result of the sequestration of free Cox5a by excess Cox4 (Stiburek et al., 2005) . Furthermore, the detection of the mitochondrially encoded ND1 subunit showed increased levels of some high-molecular weight complex I subcomplexes ( Figure 4A ). Because most of the complex I subcomplexes identified in YME1L KD mitochondria were also found, albeit at much reduced levels, in control mitochondria, they likely represent true complex I assembly intermediates. -FLAG in YME1L KD cells. YME1L KD cells were transfected as in A and used to prepare mitochondrial fractions. Mitochondria were solubilized with 1% Triton X-100 and incubated with Anti-FLAG M2 affinity gel (Sigma-Aldrich). The eluted antigens, together with a fraction of vector-transfection input (5%), were immunoblotted with antibodies to Cox2, Cox5a, and Ndufb6 and with the monoclonal anti-FLAG M2 antibody. (C) YME1L isoform 3 is expressed in HEK293 cells. Endogenous YME1L was immunoprecipitated from HEK293 cell mitochondria (1 mg/ml) using anti-YME1L antiserum, resolved along with preimmune serum precipitate using SDS-PAGE, silver stained, and then excised and subjected to identification by mass fingerprinting and tandem mass spectrometry analysis. sult is consistent with the severely altered pattern of OPA1 isoforms in these cells ( Figure 2D ). More important, transmission electron microscopy revealed markedly altered cristae morphology in mitochondria of YME1L KD cells compared with the mostly wild-type cristae morphology of mitochondria in control cells (Figure 5, C and D) . Instead of lamellar cristae, the almost-round mitochondria consisted of completely unstructured cristae that adopted unusual shapes (Figure 5, C and D) . Of importance, the expression of wildtype YME1L restored the lamellar cristae morphology of mitochondria in YME1L-knockdown cells ( Figure 5, E and F) . These results
The stable knockdown of YME1L results in a fragmented mitochondrial network and aberrant cristae morphology One of the most prominent phenotypes in both yeast and human YME1-deficient cells is the markedly altered mitochondrial network morphology (Campbell et al., 1994; Griparic et al., 2004) . Consistent with this observation, MitoTracker staining and fluorescence microscopy showed that the vast majority of cells with stably depleted YME1L show a significantly fragmented and attenuated mitochondrial network compared with the mostly wild-type tubular mitochondrial reticulum of control cells ( Figure 5, A and B) . This re-FIGURE 4: Excess Ndufb6 and ND1 accumulate as membrane-embedded subcomplexes, whereas excess Cox4 exists as a free membrane-embedded protein in YME1L KD mitochondria. (A) YME1L KD mitochondria accumulate protein complexes containing Ndufb6 and ND1. Mitochondrial fractions were solubilized with 1% dodecyl maltoside, and equal amounts of protein extract (∼20 μg) were resolved using BN-PAGE on 8-16% polyacrylamide gradient and then immunoblotted with antibodies against Ndufb6 and ND1, the F1-α subunit of complex V, core 2 of complex III, and SDHA of complex II. Controls correspond to mitochondrial extracts from HEK293 cells transfected with the scrambled shRNA, whereas YME1L KD corresponds to mitochondrial extracts from YME1L KD cells.(B) YME1L KD mitochondria accumulate nonassembled Cox4. The immunoblots shown were prepared as in A, except that a 10-16% polyacrylamide gradient was used for electrophoretic separation and the membranes were developed with antibodies to Cox4 and Cox6c. (C) Excess Ndufb6 and Cox4 subunits accumulate as membrane-embedded polypeptides. Mitochondria (1 mg/ml) from control and YME1L KD cells were either sonicated or extracted with 100 mM sodium carbonate, pH 11.5, and centrifuged for 1 h at 144,000 × g. TCA-precipitated supernatant (S) and washed pellet (P) fractions, along with the untreated mitochondria, were immunoblotted with antibodies to ATPase F1-α, Cox1, Cox2, Cox4, and Ndufb6. (D) In contrast to Ndufb6 and ND1, only a minority of Ndufb8 is retained in complex I subcomplexes in YME1L KD cells. Immunoblots were prepared using a 5-15% polyacrylamide gradient and developed with antibodies against Ndufb6 and Ndufb8. (E) YME1L KD mitochondria exhibit increased levels of CcO subcomplexes. The immunoblots were prepared using 8-15% polyacrylamide gradient and developed with antibodies against Cox1, Cox2, and Cox5a. (F) The overexpression of Ndufb6-FLAG in HEK293 cells leads to the appearance of subcomplexes similar to those observed in YME1L KD cells. Wild-type HEK293 cells were transiently transfected with the Ndufb6-FLAG expression construct harvested at 36 h posttransfection and used to prepare mitochondrial fractions. Mitochondria were solubilized with 1% dodecyl maltoside and resolved using BN-PAGE (F) or two-dimensional BN/SDS-PAGE (G) on 5-14% polyacrylamide gels in the first dimension. Immunodetection was performed using anti-Ndufb6 and anti-FLAG antibodies. The apparent molecular weights (kDa) are estimated from the migration of complex I holoenzyme (970 kDa), complex III dimer (500 kDa), complex IV monomer (200 kDa), complex II (123 kDa), and mtHSP70 (70 kDa).
therefore argue for a major role of YME1L in the maintenance of mitochondrial cristae morphology.
YME1L KD cells exhibit a reduced growth rate, diminished complex-I-specific respiration, increased carbonylation of mitochondrial membrane proteins, and impaired apoptotic resistance
To assess the overall effect of YME1L knockdown on cell viability, we examined the growth rates of both control and YME1L KD cells over a time course of 7 d. We found significant growth retardation associated with the loss of YME1L (Figure 6A) , suggesting that the protease is required for normal cell proliferation.
Next we examined mitochondrial respiration in YME1L-depleted cells using high-resolution respirometry of digitonin-permeabilized cells. In contrast to conventional spectrophotometric assays, highresolution respirometry permits the evaluation of the function of relatively intact, membrane-embedded respiratory complexes (Wenchich et al., 2003; Pecina et al., 2004; Stiburek et al., 2007; Fornuskova et al., 2008) . The measurements were performed in the presence of carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP; an uncoupler of oxidative phosphorylation) as multiple substrate-inhibitor analyses. Complex I-specific respiration was measured as the rotenone-sensitive respiration of glutamate and malate; complex IIspecific respiration was measured as the antimycin A-sensitive respiration of succinate; and complex IV-specific respiration was measured as sodium azide-sensitive respiration of ascorbate and N,N,N′,N′-tetramethyl-p-phenylenediamine dihydrochloride (TMPD). YME1L KD cells were found to have significantly diminished (∼60% of control) complex I/complex II (CI/CII) and complex I/complex IV (CI/CIV) ratios ( Figure 6B ). Of importance, neither the complex IV/ complex II (CIV/CII) ratio nor the complex IV-specific nor complex II-specific respiration alone was significantly affected in YME1L KD cells ( Figure 6B , and data not shown). Collectively, these results indicate that in YME1L KD cells, the activity of complex IV is unaffected, whereas the activity of complex I is impaired.
The yeast i-AAA protease is a key component of the protein quality control mechanisms in the inner mitochondrial membrane. Therefore, we investigated whether YME1L KD cells are able to prevent the accumulation of oxidatively damaged mitochondrial membrane proteins. We treated the cells with hydrogen peroxide (200 μM; 6 h) and tested the carbonylation of the whole mitochondrial protein fraction, as well as of soluble and mitochondrial membrane-enriched fractions prepared by the sonication of isolated mitochondria and ultracentrifugation of the resulting suspension. We found significantly increased carbonylation (∼1.6-fold) in both the total mitochondrial protein ( Figure 6G ) and the mitochondrial membrane-enriched samples ( Figure 6H ). In contrast, the supernatant fraction corresponding to soluble mitochondrial proteins failed to show an increased anti-DNP signal ( Figure 6H ). These results indicate that YME1L KD cells are impaired in preventing the accumulation of oxidatively damaged mitochondrial membrane proteins.
Mitochondria play a central role in programmed cell death by regulating the intrinsic apoptotic pathway. We therefore investigated whether the reduced growth rate of YME1L KD cells might result from an increase in programmed cell death. Poly(ADP-ribose) polymerase (PARP) cleavage was assessed as an indicator of ongoing apoptosis after cells were treated with staurosporine (2 μM) or hydrogen peroxide (H 2 O 2 ; 200 μM). We found that YME1L KD cells treated with 3-and 6-h exposures to staurosporine or a 6-h treatment with H 2 O 2 exhibited markedly increased PARP cleavage compared with identically treated control cells (Figure 6, C-F) . These results suggest that the reduced growth rate of YME1L knockdown cells occurs at least in part as a result of their diminished apoptotic resistance. Atp6 in YME1L KD cells. However, the level of newly synthesized cytochrome b also appeared to be significantly elevated after the pulse (Figure 7 , A and C). In contrast, the 17-h chase revealed that newly synthesized ND1, ND2, and ND6 subunits and, to a lesser extent, the Cox2 subunit, were significantly stabilized in YME1L KD cells compared with controls ( Figure 7 , A and C). This result appeared to be consistent with the blue native immunoblotting data, which showed a marked increase in complex I subcomplexes containing ND1 subunit. The observed slight increase in newly synthesized Cox1 could be explained by a comparable increase in COX1 mRNA in these cells ( Figure 7B) . Consistently, the newly synthesized Cox1 in YME1L KD cells is likely to be stabilized by its assembly into CcO subcomplexes ( Figure 4E) . Similarly, most of the remaining The knockdown of YME1L leads to the polypeptide-specific stabilization of mitochondrial translation products
To determine the stability of mitochondrial translation products and the efficiency of mitochondrial protein synthesis in YME1L KD cells, we carried out [ 35 S]methionine pulse-chase labeling in the presence of anisomycin, a reversible inhibitor of cytoplasmic protein synthesis. The cells were pulse labeled with isotope for 1 h and then either analyzed or chased for an additional 17 h in media containing unlabeled methionine. Analysis was carried out by electrophoretic separation and fluorography. Nine of the 13 mitochondrial translation products were clearly detectable on the fluorographs of corresponding whole-cell lysates ( Figure 7A ). The most prominent finding in the 1-h pulse was the markedly increased level of labeled Mitochondrial proteins in YME1L KD cells exhibit increased sensitivity to oxidative damage. Cells were incubated for 3 h with 100 μM hydrogen peroxide prior to the isolation of mitochondria. Mitochondrial protein carbonylation was detected using an OxyBlot protein oxidation detection kit (Chemicon). Equal loading was verified using MemCode Reversible Protein Stain (Pierce). Signals were quantified using densitometric analysis. (H) Mitochondrial membrane proteins in YME1L KD cells exhibit increased sensitivity to oxidative damage. Cells were incubated with 200 μM hydrogen peroxide for 6 h and then used to isolate mitochondria, which were subjected to sonication and ultracentrifugation (144,000 × g; 1 h). The resulting supernatant (super) and pellet fractions were processed as in G. The signals were quantified by densitometric analysis. Controls correspond to HEK293 cells transfected with the scrambled shRNA, whereas YME1L KD corresponds to YME1L KD cells. Error bars correspond to SD from the mean. **p < 0.01, ***p < 0.001. ND5, ND2, and ND6 are bona fide substrates of the human i-AAA protease Next we investigated whether some of the stabilized mitochondrial translation products are indeed proteolytic substrates of YME1L or whether their increased stability is a secondary effect of their assembly within protective protein complexes. We performed [ 35 S]methionine labeling of mitochondrial translation products in YME1L KD cells that were previously transfected with empty expression vector, mitochondrially encoded complex I subunits may be stabilized within the Ndufb6 and ND1 subcomplexes in YME1L KD cells. Given the fact that the quantification of the mtDNA copy number did not reveal any significant changes in YME1L KD cells (data not shown) and that the mRNA levels of other tested mitochondrial translation products were also not elevated ( Figure 7B ), our results indicate polypeptide-specific stabilization of mitochondrial translation products in YME1L KD cells. E543Q -FLAG variant. YME1L KD cells were transiently transfected with the YME1L E543Q -FLAG construct, the wild-type YME1L construct, or the empty vector and then pulse labeled for 90 min with [
35 S]methionine-cysteine in the presence of emetine at 36 h posttransfection. Mitochondria were solubilized with 1% Triton X-100 and coimmunoprecipitated using Anti-FLAG M2 affinity gel (Sigma-Aldrich). The eluted antigens were separated using 16% SDS-PAGE, and radioactive signals were detected by fluorography. Black lines indicate that intervening lanes had been spliced out. The ND6 signal is partially obscured as a result of low intensity. Error bars correspond to SD from the mean.
olytic domain of YME1L to IMS (Tsukihara et al., 1996; Stiburek and Zeman, 2010) . The considerable increase in Ndufb6 and Cox4 levels in response to the knockdown of YME1L strongly suggests that, in addition to its role in quality control, the i-AAA complex controls the availability of subunits for respiratory chain assembly. It has been reported that the ATP-dependent protease LON mediates the proteolytic turnover of Cox4 in mammals (Fukuda et al., 2007; Lee and Suzuki, 2008) . Apparently, matrix-localized LON cannot compensate for the loss of YME1L with respect to the degradation of nonassembled, membrane-embedded Cox4.
Whereas the amount of fully assembled complex I remained largely unaffected in YME1L KD cells, the reduction in rotenonesensitive, NADH-dependent respiration suggests that its electron transporting activity is impaired. Although the precise mechanism underlying this effect remains to be identified, it may be attributed to the deleterious effects of assembly of damaged subunits that would normally be recognized and removed by YME1L. Indeed, mitochondria in YME1L-depleted cells appear to be particularly susceptible to the accumulation of oxidatively damaged membrane proteins.
The loss of YME1L also affected the assembly profile of cytochrome c oxidase (complex IV). The appearance of elevated CcO subcomplexes is likely a result of an imbalanced assembly of the complex caused by the increased Cox4. It is surprising that the Cox2 subunit failed to show increased stabilization in YME1L-knockdown cells despite its efficient coimmunoprecipitation with the proteolytically inactive YME1L E543Q variant, which suggests that Cox2 is a proteolytic substrate of the human i-AAA protease. However, the failure to stabilize nonassembled Cox2 after knockdown of YME1L is further substantiated by pulse-chase labeling experiments, suggesting that some other peptidase can substitute for YME1L in the degradation of nonassembled Cox2. Similarly, nonassembled Cox2 does not accumulate in YME1-deficient yeast cells (Pearce and Sherman, 1995) . In contrast to complex I, the excessive accumulation of Cox4 and the increased levels of CcO subcomplexes had no detectable effect on CcO activity. This might be attributed to the known high excess capacity of CcO (Rossignol et al., 2003; Fornuskova et al., 2010) or to the fact that some of the high-molecular weight, partially assembled forms of CcO may be capable of electron transport (Pecina et al., 2003; Fornuskova et al., 2010) .
The reduced growth rate of YME1L-depleted cells can be attributed to both impaired respiratory chain function and reduced apoptotic resistance. Accordingly, the impaired cristae morphology is likely to affect apoptotic resistance because mitochondrial cristae are restructured at early stages of apoptosis (Frezza et al., 2006) . In addition, abnormal cristae morphology was directly linked to reduced cell proliferation in a prohibitin-knockout model (Merkwirth et al., 2008) . However, the precise mechanisms linking these phenotypes remain to be elucidated.
Human YME1L has been shown to mediate the constitutive processing of a subset of imported OPA1 molecules, providing a mechanistic explanation for the fragmented mitochondrial network observed in YME1L-deficient cells (Griparic et al., 2007; Song et al., 2007) . Consistent with this observation, the normal pattern of the five OPA1 forms was markedly altered in our YME1L KD model. However, in addition to the fragmented mitochondrial network, our YME1L KD model exhibited severely disturbed mitochondrial ultrastructure, that is, completely disorganized cristae morphology. This phenotype was not observed in previous YME1L loss-of-function studies that used short-term siRNA treatments (Griparic et al., 2007; Song et al., 2007) and is likely caused by stable, long-term YME1L knockdown. The loss of YME1L might affect cristae morphogenesis the wild-type YME1L-FLAG construct, or the YME1L E543Q -FLAG construct. The subsequent anti-FLAG coimmunoprecipitation showed that, of the nine mitochondrial translation products that could be detected on fluorographs of coimmunoprecipitation inputs, Cox2, ND6, ND2, and ND5 exhibited increased coimmunoprecipitation with the proteolytically inactive YME1L E543Q variant compared with the wild-type YME1L-FLAG protein. The highest pulldown efficiency was observed for Cox2 and ND6, followed by ND2 and ND5 ( Figure  7D ). It is surprising that despite their markedly increased levels, both Atp6 and cytochrome b failed to coimmunoprecipitate with the proteolytically inactive YME1L variant ( Figure 7D) . Similarly, the otherwise increased ND1 subunit did not efficiently copurify with YME1L E543Q -FLAG ( Figure 7D ). Collectively, these results support the previous finding that YME1L E543Q -FLAG coimmunoprecipitates with Cox2 and suggest that human YME1L is directly involved in the proteolytic degradation of the ND5, ND2, and ND6 subunits of the membrane arm of complex I.
DISCUSSION
We used shRNA knockdown and expression studies in HEK293 cells to define the cellular activities of YME1L, the human orthologue of the Yme1 subunit of the yeast mitochondrial i-AAA complex. We show that YME1L ensures cell proliferation, maintains normal cristae morphology and complex I activity, promotes antiapoptotic activity, and protects mitochondria from the accumulation of oxidatively damaged membrane proteins. We further demonstrate that YME1L is required to control the accumulation of nonassembled respiratory chain subunits. A role for YME1L in the maintenance of the respiratory chain is supported by its high expression levels in cardiac and skeletal muscle mitochondria.
The inactivation of Saccharomyces cerevisiae YME1 is associated with pleiotropic phenotypes that are believed to stem from the accumulation of nonnative polypeptides and/or from the impaired processing of regulatory protein(s) (Tatsuta and Langer, 2009 ). However, in contrast to the homologous m-AAA protease, endogenous substrate proteins that are directly responsible for these phenotypes have not been identified for the i-AAA complex. We identified three inner-membrane proteins-the Ndufb6 and ND1 subunits of the membrane arm of respiratory complex I and the Cox4 subunit of complex IV-that accumulate excessively in mitochondria of YME1L-depleted cells. In addition, metabolic labeling experiments showed a marked increase in the stability of the ATP synthase subunit Atp6, and the coimmunoprecipitation of nascent mitochondrial translation products suggested the involvement of YME1L in the degradation of a subset of mitochondrially encoded complex I subunits. The direct involvement of YME1L in Ndufb6 proteolysis is substantiated by coimmunoprecipitation and overexpression experiments showing a physical interaction of this subunit with the proteolytically inactive protease, as well as the suppression of the stabilization of both Ndufb6 and Cox4 upon the overexpression of wild-type YME1L. In contrast, although the ND1 and ATP6 subunits were stabilized after YME1L knockdown, they did not exhibit increased immunoprecipitation with the proteolytically inactive protease. Although we cannot exclude the possibility that our mutant protein failed to capture these potential protein substrates, the observed accumulation might stem from the protective effects of interaction with other proteins. Minor levels of membrane-bound Ndufb6 subcomplexes were shown to exist in vivo in living human fibroblasts (Dieteren et al., 2008) . In contrast, the increased expression of Cox4 was shown to cause a rapid proteolytic turnover of the free subunit (Ugalde et al., 2002) . Accordingly, the membrane topology of both Ndufb6 and Cox4 is consistent with the localization of the C-terminal prote-fidelity of all constructs was confirmed by automated DNA sequencing.
Immunofluorescence and electron microscopy
For immunofluorescence microscopy, living, intact HEK293 cells were incubated with 200 nM MitoTracker Red CMX Ros (Molecular Probes, Eugene, OR) for 15 min in phosphate-buffered saline (PBS) and analyzed at 24°C using a Nikon Diaphot 200 inverted microscope (Nikon, Tokyo, Japan) equipped with a Plan-Apochromat 60×, numerical aperture 0.95, oil objective (Carl Zeiss, Wetzlar, Germany). The images were acquired with an Olympus DP50 CCD camera (Olympus, Milan, Italy) and Viewfinder Lite 1.0 software (Pixera, Santa Clara, CA). The images were deconvolved using the classic maximum-likelihood estimation algorithm in Huygens Professional software (SVI, Hilversum, Netherlands). For ultrastructural analysis, cells were fixed using a modification of Luft's method (Luft, 1956) . Briefly, the cells were incubated in PBS containing 2% potassium permanganate for 15 min, washed with PBS, and dehydrated with an ethanol series. They were then embedded in Durcupan Epon (Electron Microscopy Sciences, Hatfield, PA), sectioned by Ultracut microtome (Reichert, Depew, NY) to thicknesses ranging from 600 to 900 Å, and finally stained with lead citrate and uranyl acetate. A JEOL JEM-1200 EX transmission electron microscope (JEOL, Tokyo, Japan) was used for imaging.
The assessment of cell proliferation
Stably transfected HEK293 cells were seeded in six-well plates at 5 × 10 4 cells per well and cultured in DMEM containing 1 μg/ml puromycin. The medium was changed on the second, fourth, and sixth days. Viable cells were counted every 24 h for a total of 7 d using a Scepter Handheld Automated Cell Counter (Millipore, Billerica, MA).
Cell death analysis
Stably transfected HEK293 cells were treated with staurosporine (2 μM) for 0, 3, and 6 h or H 2 O 2 (200 μM) for 6 h, and cell lysates were analyzed by immunoblotting for PARP cleavage.
Coimmunoprecipitation experiments
For immunoprecipitation of the endogenous human YME1L, mitochondria were solubilized with 1% Triton X-100 in Tris-buffered saline (TBS) with 1% protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) at a protein concentration of 2 mg/ml. The cleared extracts were then incubated for 2 h at 4°C with gentle agitation with antiserum raised against human YME1L or with the corresponding preimmune serum. Subsequently, washed protein G agarose beads (Sigma-Aldrich) were added, and the samples were incubated with gentle agitation at 4°C for an additional 2 h. The agarose beads containing the bound immunocomplexes were then washed five times with TBS containing 0.1% Triton X-100 and incubated with 1× SDS-PAGE sample buffer at 37°C for 30 min to denature and release the immunocomplexes.
For anti-FLAG coimmunoprecipitation, the YME1L KD cells were transiently transfected with the YME1L E543Q -FLAG construct, the wild-type YME1L-FLAG construct, or the empty vector. Equivalent transfection efficiency was monitored using Western blotting with the anti-FLAG M2 monoclonal antibody (Sigma-Aldrich). The transfected cells were either directly harvested at 36 h posttransfection or pulse labeled with a [ 35 S]methionine-cysteine mixture in the presence of emetine, harvested, and then used to prepare mitochondrial fractions. Isolated mitochondria were solubilized using 1% Triton X-100 in TBS containing 1% protease inhibitor cocktail at a through defective OPA1 processing. OPA1 is involved in the regulation of cristae morphogenesis, and OPA1-deficient cells exhibit gross abnormalities of cristae structure well before apoptosis becomes evident (Olichon et al., 2003; Griparic et al., 2004; Lenaers et al., 2009) . However, the loss of YME1L was demonstrated to efficiently suppress the cristae morphogenesis defect in OPA1-knockdown cells (Griparic et al., 2004) . If the impaired mitochondrial ultrastructure of YME1L KD cells is not a response to perturbed OPA1 processing, what is the underlying molecular mechanism? The excessive accumulation of nonassembled and oxidatively damaged proteins in the inner mitochondrial membrane is likely to lead to an imbalanced protein/lipid ratio in the membrane, changing its fluidity and possibly compromising membrane integrity and contributing to its structural instability (Walenga and Lands, 1975; Tung et al., 1991) . Furthermore, yeast Yme1 was recently shown to regulate the stability of proteins involved in mitochondrial phosphatidylethanolamine and cardiolipin metabolism, respectively (Potting et al., 2010) . Accordingly, the maintenance of the proper lipid composition of mitochondrial membranes is critical for their integrity and plasticity. However, the components that are directly responsible for mitochondrial cristae morphogenesis are largely unknown (Rabl et al., 2009 ). Thus it is also possible that YME1L affects the biogenesis of some yet-to-be-identified factor with an important role in this process. Future studies are required to resolve this question.
MATERIALS AND METHODS

Cell culture and transfection
Human embryonic kidney cells (HEK293, CRL-1573) were obtained from the American Type Culture Collection (Rockville, MD) and maintained in high-glucose DMEM (PAA Laboratories, Pasching, Austria) supplemented with 10% (vol/vol) fetal bovine serum Gold (PAA Laboratories) at 37°C in a 5% (vol/vol) CO 2 atmosphere. All transfections were carried out using the Express-In Transfection Reagent (Open Biosystems, Thermo Biosystems, Huntsville, AL) according to the manufacturer's instructions.
shRNA and gene expression constructs
A negative control (scrambled) pGIPZ shRNAmir construct and five different pGIPZ shRNAmir constructs targeting both known human YME1L transcript variants (NM_014263 and NM_139312) were obtained from Open Biosystems. A pGIPZ shRNAmir construct targeting the AFG3L2 transcript (NM_006796) was also obtained from Open Biosystems. To generate stable YME1L and AFG3L2 KD cells, subconfluent HEK293 cells (10 7 ) were transfected using Express-In, and stably expressing cells were selected using puromycin (final concentration of 1.5 μg/ml) over a period of 3 wk. Quantitative TaqMan real-time PCR and Western blot analyses were used to assess the efficiency of YME1L and AFG3L2 knockdown in each of the stable cultures.
The C-fusion Myc-FLAG-tagged open reading frame (ORF) expression constructs pCMV6-YME1L and pCMV6-NDUFB6 containing the human YME1L transcript variant 3 (NM_014263.2) ORF sequence and the human NDUFB6 transcript variant 1 (NM_002493.3) were purchased from OriGene (Rockville, MD). To create the YME1L E543Q variant, site-directed mutagenesis was carried out using the QuikChange II Site-Directed Mutagenesis Kit (Stratagene, Santa Clara, CA) to introduce the 1627G>C nucleotide substitution into YME1L. To confer resistance to the particular shRNA used while preserving the original predicted amino acid sequence, both the YME1L E543Q (1627G>C) mutant variant and the wild-type YME1L sequence were further modified by a series of seven nucleotide substitutions at every third codon position in a 19-base pair frame. The corresponding to the carboxy-terminus of human YME1L (CETLDAKEIQIVLEGKKLEVR). Antiserum specificity was tested by the immunodetection of the YME1L-FLAG fusion protein, as well as YME1L-depleted mitochondria ( Figure 1A ). Monoclonal antibodies against the CcO subunits Cox1, Cox2, Cox4, Cox5a, and Cox6c; the 70-kDa flavoprotein subunit of complex II (SDHA); complex III subunit core protein 2; complex I subunits Ndufa9, Ndufb6, and Ndufb8; and complex V subunits F1-α and d were obtained from Mitosciences (Eugene, OR). The antibody to mtHSP70 was obtained from Alexis Biochemicals (San Diego, CA). Antibodies to Phb2, PNPase, and ND1 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies to Sco1 (Stiburek et al., 2009) and OXA1L (Stiburek et al., 2007) were generated in previous studies. The antibody to OPA1 was purchased from BD Biosciences (Oxford, United Kingdom). Antibodies to PARP and β-tubulin were obtained from Cell Signaling Technology (Beverly, MA).
Mitochondrial isolation and subfractionation
Mitochondrial fractions were isolated from HEK293 cells using differential centrifugation essentially as described previously (Stiburek et al., 2007) . For the protease protection assay, freshly isolated mitochondria (∼150 μg of protein) were resuspended in hypotonic medium (10 mM KCl, 2 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES], pH 7.2) and incubated for 20 min on ice to swell mitochondria and burst the outer mitochondrial membrane. Subsequently, trypsin (final concentration 25 μg/ml) was added to the swollen mitochondria, and the samples were incubated at room temperature for an additional 20 min. Digestion was stopped by the addition of soybean trypsin inhibitor (100 μg/ml), and the samples were routinely processed for SDS-PAGE. To prepare submitochondrial fractions, mitochondria at a protein concentration of 1 mg/ml were either sonicated (Ultrasonic Homogenizer 4710 Series; ColeParmer, Chicago, IL) or treated with 100 mM sodium carbonate (pH 11.5) and were then centrifuged for 1 h at 144,000 × g. The resulting supernatant fractions were trichloroacetic acid (TCA) precipitated and subsequently dissolved in SDS-PAGE sample buffer along with the washed pellet fractions.
High-resolution respirometry
The cells were permeabilized with 30 μg/ml digitonin, and oxygen consumption was measured at 30°C using OROBOROS Oxygraph (Anton Paar, Innsbruck, Austria) in a medium containing 0.5 mM ethylene glycol tetraacetic acid, 3 mM MgCl 2 , 60 mM K-lactobionate, 20 mM taurine, 10 mM KH 2 PO 4 , 20 mM HEPES, 110 mM sucrose, and 1 g/l bovine serum albumin, pH 7.1. Polarographic measurements were performed with uncoupled cells as multiple substrate-inhibitor analyses in the presence of 0.5 μM FCCP, as previously described (Wenchich et al., 2003; Pecina et al., 2004; Stiburek et al., 2007; Fornuskova et al., 2008) . The following substrates and inhibitors were used: 10 mM glutamate + 5 mM malate, 1.25 μM rotenone, 10 mM succinate, 2.5 μM antimycin A, 2 mM ascorbate + 500 μM TMPD, and 10 mM sodium azide.
Statistical analysis
All experiments were performed in at least triplicate. The Western blots shown are representative of at least three independent experiments. Statistical analyses were performed using a two-tailed Student's t test in Excel (Microsoft, Redmond, WA). The results are expressed as mean ± SD. p < 0.05 was considered statistically significant; asterisks are used to denote significance as follows: *p < 0.05, ** p< 0.01, ***p< 0.001. protein concentration of 2 mg/ml. The resulting cleared extracts were incubated for 2 h with a washed anti-FLAG M2 affinity gel (Sigma-Aldrich) at 4°C with gentle agitation. The affinity gel containing the bound antigens was then washed five times with TBS containing 0.1% Triton X-100, and the bound material was eluted under nondenaturing conditions with 3× FLAG peptide and routinely processed for SDS-PAGE.
The [
S]methionine labeling of mitochondrial translation products
Pulse-chase labeling of mitochondrial translation products with the EasyTag EXPRESS 35 S Protein Labeling Mix (PerkinElmer, Waltham, MA) was performed as described previously (Leary and Sasarman, 2009) . Briefly, subconfluent HEK293 cells were incubated with the [ 35 S]methionine-cysteine mixture (final concentration of 200 μCi/ml) in a methionine-free medium (Invitrogen, Carlsbad, CA) for 1 h in the presence of a cytoplasmic protein synthesis inhibitor (emetine or anisomycin). The cells were either harvested or further chased in a medium containing unlabeled methionine for an additional 17 h and subjected to SDS-PAGE and fluorography after harvesting (Amplify; GE Healthcare, Little Chalfont, United Kingdom).
Reverse transcription and quantitative RT-PCR
Total RNA was isolated from HEK293 cells using Tri reagent (MRC, Cincinnati, OH). First-strand cDNA was synthesized from 4 μg of total RNA with Superscript III Reverse Transcriptase (Invitrogen) and OligodT primers (Promega, Madison, WI). Relative quantification was performed using TaqMan Gene Expression Assays according to the manufacturer's instructions (Applied Biosystems, Foster City, CA). The following TaqMan probes were used: Hs00971639_m1, COX4I1; Hs00427620_m1, TBP; Hs01003267_m1, HPRT1; Hs00907919_m1, YME1L1; Hs00602161_m1, NRF1; Hs00159583_m1, NDUFB6; Hs00428204_m1, Ndufb8; Hs99999905_m1, GAPDH; Hs00362387_ m1, TUBA1A; Hs01036747_m1, HSPD1; Hs00195655_m1, CLPP; Hs02596874_g1, MT-ND2; Hs02596875_s1, MT-ND3; Hs02596862_ g1, MT-ATP6; and Hs02596864_g1, MT-CO1. Data were collected in duplicate in two separate runs using a 7300 Real-Time PCR System (Applied Biosystems). The determination of normalized mRNA expression levels of analyzed genes was performed as described previously (Pejznochova et al., 2010) . The stability of the expression of reference genes was tested using the geNorm algorithm. HPRT1 (hypoxanthine phosphoribosyltransferase 1), TUBA1A (tubulin, alpha 1a), GAPDH (glyceraldehyde-3-phosphate dehydrogenase), and TBP (TATA box-binding protein) were used as reference genes.
Electrophoresis, Western blotting, and protein carbonylation analysis
Electrophoresis and Western blotting were performed essentially as described previously (Stiburek et al., 2007) . Blots were developed using either West Femto or West Pico chemiluminescent substrates (Pierce, Rockford, IL). Western blot signals were acquired using a VersaDoc 4000 imaging system (Bio-Rad, Hercules, CA). The resulting digital images were analyzed and quantified using the Quantity One application (Bio-Rad). Mitochondrial protein carbonylation was detected using the OxyBlot Protein Oxidation Detection Kit (Chemicon, Billerica, MA) according to the manufacturer's instructions. Equal loading was verified using the MemCode Reversible Protein Stain (Pierce).
Antibodies
A polyclonal antiserum directed against human YME1L was generated by immunizing rabbits with a synthetic peptide (KLH coupled)
